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Abstract

Enzymes that use a [4Fe-4S]* cluster plus S-adenosyl-L-methionine (SAM) to initiate radical
reactions (radical SAM) form the largest enzyme superfamily, with over half a million members
across the tree of life. This review summarizes recent work revealing the radical SAM reaction
pathway, which ultimately liberates the 5 -deoxyadenosyl (5 -dAdoe) radical to perform extremely
diverse, highly regio- and stereo-specific, transformations. Most surprising was the discovery of an
organometallic intermediate Q exhibiting an Fe-C5 -adenosyl bond. Q liberates 5 -dAdoe through
homolysis of the Fe-C5” bond, in analogy to Co-C5” bond homolysis in B4y, previously viewed

as biology’s paradigmatic radical generator. The 5 -dAdoe has been trapped and characterized

in radical SAM enzymes via a recently-discovered photoreactivity of the [4Fe-4S]*/SAM
complex, and has been confirmed as a catalytically active intermediate in enzyme catalysis. The
regioselective SAM S-C bond cleavage to produce 5 -dAdoe originates in the Jahn-Teller effect.
The simplicity of SAM as a radical precursor, and the exquisite control of 5 -dAdoe reactivity

in radical SAM enzymes, may be why radical SAM enzymes pervade the tree of life, while By,
enzymes are only a few.

Graphical Abstract

Recent advances in understanding the radical S-adenosyl-L-methionine (SAM) reaction pathway
are summarized. Regioselective reductive cleavage of SAM vyields an organometallic intermediate
Q exhibiting an Fe-C5"-adenosyl bond. Q undergoes Fe-C bond homolysis to liberate the 5"-
deoxyadenosy!l radical, which is shown to be a true intermediate that initiates extremely diverse,
highly regio- and stereo-specific, radical-based transformations.
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Introduction to adenosylcobalamin and SAM as Radical Reservoirs

The idea that radicals could play essential roles in biology was controversial for many years.
In fact, at one time much of the discussion of radicals as they relate to biology focused on
the damaging effects of radicals and their putative roles in cancer, aging, and other serious
disease states.[1] In the 1980s this began to change, with the increasing recognition that
organic radicals, while highly reactive and potential dangerous in a ‘free’ state, have unique
and powerful reactivity that can be exploited by biology if the radicals can be appropriately
constrained.[2, 3] These developments paralleled similar recognitions being made at the
time in synthetic organic chemistry, where it became clear that appropriate steric and
stereoelectronic constraints could lead to stereoselective, regioselective, and chemoselective
radical reactions.[4] Since this time, radicals have become recognized as prominent players
in biochemical reactions, both as key reaction intermediates and as catalytically essential
protein cofactors.[3, 5-10] Perhaps the most prominent examples are in the cases of the
ribonucleotide reductases, which were first shown to harbor ‘free radicals’ by Sjoberg,
Reichard, Graslund, and Ehrenberg in the 1970s.[11-14] These remarkable enzymes are
found throughout nature, catalyzing one of the most central reactions in all of biology: the
conversion of RNA precursors into DNA precursors. Although this fundamentally important
reaction is initiated by different metallocofactors in different organisms, the mechanisms
are unified by the involvement of radical chemistry in the fundamental chemical steps, as

so elegantly elaborated by JoAnne Stubbe and coworkers over the course of several decades.
[15-19]

Among the earliest cofactors implicated in biological radical reactions was
adenosylcobalamin (AdoCbl or coenzyme B15) which was structurally characterized

by Lenhert and Hodgkin in 1961 to reveal a direct bond between the 5°-C of a 5
“-deoxyadenosyl group to the cobalt of cobalamin.[20] This seminal structure of the

first known organometallic cofactor in biology led to key biochemical studies by

Perry Frey and Robert Abeles implicating the 5"-deoxyadenosyl moiety as directly
involved in enzymatically-catalyzed hydrogen atom transfer reactions.[21-23] Subsequent
mechanistic studies using both biochemical and chemical systems provided new insights
into this remarkable cofactor, supporting a mechanism in which reversible cobalt-carbon
bond homolysis generates a 5 -deoxyadenosyl (5"-dAdoe) radical to mediate radical
rearrangement reactions via H-atom abstraction.[24—-28] Noteworthy, despite the importance
of the AdoCbl cofactor, there are fewer than 20 enzymes known to use AdoCbl to initiate
radical reactions.

S-adenosyl-L-methionine (SAM) is an important biological methyl donor,[29] playing key
roles in methylation of DNA and RNA, proteins, and a variety of small molecules.[30] An
alternative function for SAM was suggested in 1970, when Barker and coworkers showed

FEBS Lett. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Broderick et al.

Page 3

that SAM stimulates the reaction catalyzed by lysine 2,3-aminomutase (LAM), a reaction
with no known involvement in methylation.[31] An important clue to the role of SAM in
LAM catalysis was revealed by Marcia Moss and Perry Frey, who provided evidence for the
involvement of the 5" -deoxyadenosyl moiety of SAM in hydrogen atom transfer, suggesting
that SAM was playing a role similar to that of AdoCbl in radical rearrangements.[32]

SAM is a much simpler, purely organic cofactor compared to AdoCbl, and has a 5"-
deoxyadenosyl C-S bond to the sulfonium sulfur of SAM, rather than the critical 5C-Co
organometallic bond linking the adenosyl moiety to cobalamin (Fig. 1).[33] Despite these
significant differences, a growing body of evidence in the 1980s and 1990s supported a
role for the adenosyl moiety of SAM in mediating radical reactions, not only in LAM,
but in the pyruvate formate-lyase activating enzyme (PFL-AE),[34-36] the anaerobic
ribonucleotide reductase,[37, 38] spore photoproduct lyase,[39] and biotin synthase.[40,
41] The involvement of an iron-sulfur cluster in all of these SAM-dependent enzymes
provided another striking similarity among them,[42] further distinguishing them from
adenosylcobalamin enzymes.

A key turning point came in 2001, when the SAM-dependent iron-sulfur enzymes were
identified through a bioinformatics study as members of a new enzyme superfamily that was
named radical SAM.[43] The Radical SAM enzyme superfamily now is known to be the
largest in nature, with hundreds of thousands of members spanning all kingdoms of life.[44]
Although only a small fraction of superfamily members have been characterized, already
more than 100 distinct reactions have been identified for radical SAM enzymes.[44]

A central motivation of research in our labs has been the question, how does an enzyme-
bound iron-sulfur cluster together with SAM recapitulate the remarkable biochemical
reactions mediated by AdoCbl, in which a 5"-dAdoe radical generated by reversible Co-C
bond homolysis initiates chemistry via H-atom abstraction? The remarkable and surprising
findings that provide answers to this question are the focus of this article.

SAM-Cluster Interaction and Implications for Mechanism

Radical SAM enzymes bind a [4Fe-4S] cluster at a three-cysteine motif that is most
commonly CX3CX,C; the three cysteines bind three of the four irons of the [4Fe-4S] cluster,
providing a site-differentiated cluster in which one iron is not coordinated by cysteine.[45,
46] The unique iron of the site-differentiated [4Fe-4S] cluster coordinates the amino and
carboxylate groups of SAM (Fig. 1), a binding interaction first demonstrated using electron-
nuclear double resonance (ENDOR) spectroscopy[47] and subsequently observed in a large
number of X-ray crystal structures of radical SAM enzymes.[48, 49] The coordination of
SAM to the [4Fe-4S] cluster places the sulfonium of SAM sufficiently close to the cluster
to provide orbital overlap.[50, 51] The catalytically active state of the enzyme was shown

to be the SAM-bound reduced [4Fe-4S]1* cluster, in which this cluster provides the electron
required for the reductive cleavage of SAM to generate a 5" -deoxyadenosyl radical (Fig. 2).
[52] The orbital overlap between the sulfonium and cluster was therefore thought to provide
a pathway for inner-sphere electron transfer during reductive cleavage.[50, 51] In at least
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one radical SAM enzyme, the SAM bridges the [4Fe-4S] cluster to a monovalent cation that
is important for activity.[53]

Substrates bind in the active site pocket of radical SAM enzymes close to the SAM-bound
[4Fe-4S] cluster, with the site of H-atom abstraction generally within 4 — 5 A of the 5C

of SAM. This is seen for example in the X-ray crystal structure of pyruvate formate-lyase
activating enzyme (PFL-AE), where a peptide mimicking the pyruvate formate-lyase G734
site of H-atom abstraction is bound such that the G734 Ca. is only 3.9 A from the 5C

of SAM.[54] Other examples include the structures of lysine bound in the active site

of LAM,[55] peptide substrate bound to an anaerobic sulfatase maturating enzyme,[56]
peptide substrate bound to SuiB,[57] among others. The proximity of the substrate to the
5C of SAM bound to the [4Fe-4S] cluster supports a simple mechanism involving reductive
SAM cleavage followed by direct H-atom abstraction from substrate by the SAM-derived
5"-deoxyadenosyl radical, Fig. 2.

Further evidence for the close proximity of substrate to the [4Fe-4S] cluster-bound SAM

in the active sites of radical SAM enzymes was found through use of the SAM analog

3’4" -anhydroadenosylmethionine (anSAM). This functional SAM analog has a double bond
between the 3" and 4" carbons that provides allylic stabilization of the anhydroadenosyl
radical (anAdoe), a 5"-deoxyadenosyl radical analog, formed upon reductive S-C5” bond
cleavage (Fig. 3).[58] The use of anSAM in the LAM reaction led to direct observation

of the anAdoe radical by electron paramagnetic resonance (EPR) spectroscopy.[58, 59]
Subsequent studies of the anAdoe radical trapped in the LAM active site during turnover
revealed the remarkable constraints placed on the positioning of the reactive radical species,
and the extremely limited movement of the anAdoe radical required for H-atom abstraction
from substrate.[60] These results provided the most direct evidence at the time that SAM,
like adenosylcobalamin, is involved in enzymatic radical reactions by generation of a 5
“-deoxyadenosyl radical species.[60] Further, they revealed that radical SAM enzymes can
exert more constraints on the positioning of the reactive 5"-dAdoe radical than B12 enzymes,
thereby providing much tighter control of the radical. This suggests that it is not solely the
simplicity in biosynthesis of the active-site cluster + SAM components of the radical SAM
enzymes as compared to By, but primarily the higher precision with which radical SAM
enzymes can guide 5"-dAdoe to its substrate target, that has led evolution to utilize radical
SAM enzymes so widely in biology, while only a handful of B1, enzymes are found.[60]

Trapping of Radical Intermediates Reveals New Parallels to B12 Enzymes

Rapid freeze-quench (RFQ) trapping techniques were used to probe the reaction of PFL-
AE with SAM and substrate PFL for radical intermediates. These revealed a previously
unrecognized paramagnetic species that formed maximally at approximately 500 ms and
then decayed with longer reaction times as the product PFL glycyl radical formed.[61].

The EPR spectrum of this species has g-values and lineshape consistent with its assignment
to a [4Fe-4S]3* cluster-based species. The nature of this intermediate was revealed via
ENDOR spectroscopy with the use of isotopically-labeled SAM and 57Fe-labeled PFL-AE.
The results revealed the remarkable finding that this intermediate, which was named omega
(Q), was an organometallic species in which the adenosyl moiety derived from SAM is
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directly bound to the unique iron of the [4Fe-4S] cluster through a 5C-Fe bond (Fig. 4).[61]
This organometallic Q intermediate was subsequently observed for a number of other radical
SAM enzymes that carry out a wide array of differing reactions, implying that it plays a
central role during radical initiation throughout the superfamily.[62]

A particularly striking feature of Q is its structural analogy to adenosylcobalamin, both being
organometallic species in which an adenosyl group is directly bound to a transition metal
through a 5C-metal bond. This structural similarity implies mechanistic parallels: in both
cases homolytic metal-carbon bond cleavage liberates the 5" -dAdoe radical. As a functional
difference, the Co-C bond in adenosylcobalamin is stable at ambient temperature, and its
homolysis requires significant activation, whereas the reactive Fe-C5” bond of Q homolyzes
in the frozen solid at temperatures of ~ 170 K and above.

Direct Observation of the 5"-dAdoe Radical and Implications for

Regioselectivity

Half a century of efforts to trap and characterize the 5"-dAdoe radical intermediate, driven
by its role in both radical SAM and adenosylcobalamin enzymes, had proved fruitless.
Although photolysis of adenosylcobalamin was demonstrated to induce homolysis of the
Co-C bond, this produces a cob(ll)alamin — 5"-dAdoe coupled radical pair rather than

a “free” 5"-dAdoe radical.[63-65] The similarity of Q to AdoCbl led us to explore the
photochemical properties of both Q and the precursor [4Fe-4S]*/SAM complex in the PFL-
AE active site. This led to our discovery that the [4Fe-4S]*/SAM complex in radical SAM
enzymes undergoes novel photochemistry, reminiscent of known photocatalytic reactions of
sulfonium salts used in organic synthesis.[66, 67] Under cryogenic conditions, exposure

of the PFL-AE [4Fe-4S]*/SAM complex to blue laser light (absorbed by the cluster)
resulted in photoinduced electron transfer from the [4Fe-4S]* cluster to SAM, which led

to regioselective homolysis of the S-C5” bond to generate a 5"-dAdoe radical cryo-trapped
in the PFL-AE active site.[66] As this 5" -dAdos is trapped adjacent to the diamagnetic
[4Fe-4S]2* cluster, it could be fully characterized for the first time through use of isotopic
labelling coupled with EPR spectroscopy and computational studies (Fig. 5).[66] In a
different approach to accessing the 5" -dAdoe radical in a radical SAM enzyme, Britt and
coworkers incubated the HydG [4Fe-4S]*/SAM complex with a substrate analog lacking an
abstractable H-atom, revealing a 5"-dAdoe radical species similar to that generated using
photolysis.[68]

Surprisingly, when HydG [4Fe-4S]*/SAM was subjected to cryogenic photolysis,
quantitative formation of a «CHg radical resulting from S-CH3 bond homolysis was
observed, rather than a 5"-dAdoe radical; this change in regioselectivity of S-C bond
cleavage was unexpected and resulted in the first example of S-CH3 bond homolysis in

a radical SAM enzyme.[69] This raised the questions: why does the S-C bond cleavage
regioselectivity change with the enzyme under photolytic conditions, and more generally,
what is the basis of reductive cleavage regioselectivity in radical SAM enzymes.

To address these questions, photolysis experiments were carried out on other radical SAM
enzymes in the SAM-bound [4Fe-4S]™ state in the absence of substrate; all underwent
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photoinduced reductive cleavage of SAM, with some enzymes forming the 5"-dAdoe radical
due to S-C5™ homolysis, while others formed a *CHj3 radical due to S-CH3 homolysis

(Fig. 6).[70, 71] The different regioselectivities under photolysis were distinct from the
observations under enzyme catalytic conditions, where all the radical SAM enzymes
selectively cleave the S-C5” bond. Seeking a structure-reactivity correlation, analysis of

the SAM conformations in radical SAM crystal structures available for the photolyzed
enzymes revealed that while the overall SAM binding conformation was the same, the
SAM ribose-ring ‘pucker’ correlated with the photolytic regioselectivity: enzymes where
we observed S-C5" homolysis with 5"-dAdoe formation had a 3’-endo ribose conformation,
while those undergoing S-CH3 homolysis to form «CH3 had a 2’-endo conformation (Fig.
6).[70]

How does SAM ribose ring pucker impact regioselectivity in photoinduced reductive
cleavage of SAM? In the process of carrying out computational analysis of the photoinduced
reductive cleavage process, we recognized that the one-electron reduced R3SP sulfonium
center is Jahn-Teller active and thus undergoes a distortion, i.e. S-C bond lengthening,
leading to S-C bond cleavage (Fig. 6). Ultimately, the experimental and computational
results revealed that the origin of regioselectivity in photolysis is the Jahn-Teller effect
coupled to active-site interactions that favor one or the other ribose conformations in

the different enzymes. The differing interactions in these conformations localize the JT
distortion in a particular S-C bond, resulting in regioselective elongation and cleavage of
this favored S-C bond.[70] With this foundation, it was then proposed that the regioselective
S-C5” bond cleavage during actual radical SAM catalysis occurs because the thermally
induced conformational changes that enable ET from the [4Fe-4S]* cluster to sulfonium
generate dominant additional forces that specifically select S-C5” for cleavage.[70]

5’-dAdoe- as a Catalytically Competent Intermediate Observable During

Catalysis

The ability to trap and characterize the 5" -dAdoe radical for the first time via cryogenic
photolysis was highly significant, but the radical was generated under conditions that

were not catalytic, since substrate was not present. Thus while these studies provided the
first opportunity to fully characterize this central radical species implicated in both B1,

and radical SAM enzymes, they left unresolved the question of whether the 5" -dAdos is
generated as a true intermediate in these reactions, or is better described as a transition state
species. Arguments in fact had been made, that the 5"-dAdoe radical is too high in energy,
and thus too reactive, to be formed as a discrete species during catalysis.[49, 60, 72, 73]

Recent efforts to probe sequential radical intermediates during catalysis by PFL-AE

have used a modified peptide substrate in which the target glycyl residue is replaced

by a dehydroalanyl residue (Fig. 7).[74] By replacing the abstractable hydrogen on the
glycine Ca with a double bond to CB, the peptide was expected to change the catalytic
reaction from H-atom abstraction to adenosylation. Such altered reactivity had in fact
been observed previously by Knappe and coworkers using a similar modified peptide.[75]
The dehydroalanine peptide (Dha-pep) was shown to undergo reaction with PFL-AE and
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SAM under reducing conditions, generating an adenosylated peptide product that was
characterized by mass spectrometry.

Investigation of the reaction of reduced PFL-AE, SAM, and Dha-pep using RFQ trapping
revealed the formation of Q at early times (500 ms — 2 s).[74] Freeze-quenching the reaction
at slightly longer times (8 — 10 s) revealed the formation of the adenosylated peptide radical
(Ado-Dha-pepe) intermediate, which was identified and characterized by isotopic labeling
of both SAM and peptide combined with EPR spectroscopy (Fig. 7).[74] Furthermore,
thermal annealing of the Q intermediate obtained by RFQ results in conversion to the
Ado-Dha-pepe radical, demonstrating that Q is a catalytically competent intermediate. The
EPR signal for Ado-Dha-pepe was best observed at 70 K; when temperature was varied,

an additional EPR-active species was observed at lower temperatures.[74] This additional
species could be observed in isolation after spectral subtraction of the Ado-Dha-pepe radical
signal; EPR analysis and isotopic labeling revealed the additional signal to arise from the
5"-dAdoe radical.[74] To evaluate whether this high-energy primary 5"-dAdoe radical was
an on-pathway radical intermediate, its ability to convert to the capto-datively stabilized
tertiary Ado-Dha-pepe product radical [76] by adenosylation of Dha-pep was evaluated both
by thermal annealing and by carrying out time-dependent freeze-quench between 8 and

18 s. Both methods confirmed this observed 5" -dAdoe radical converts to Ado-Dha-pepe,
demonstrating its catalytic competence as a true intermediate in this enzyme-catalyzed
adenosylation reaction (Fig. 7).[74] This is the first demonstration of the 5"-dAdoe radical
caught in action as an observable intermediate during a radical SAM reaction.

Conclusions

This review has summarized the mechanism for generation of the 5"-dAdoe radical

in Radical SAM enzymes, Nature’s overwhelming choice as the catalyst for radical
reactions across the tree of life. The mechanism incorporates three distinct and sequential
intermediates prior to substrate transformation. First, reductive cleavage of SAM generates
the organometallic intermediate Q, with its Fe-C5” bond. Next, cleavage of the Fe-C5”
bond of Q liberates “free’ 5"-dAdoe. Finally, the 5 -dAdoe radical generates a substrate-
based radical, generally by regio- and stereoselective H-atom abstraction from substrate;
this radical then proceeds in the specific transformation characteristic of the enzyme.
Alternatively, 5"-dAdoe can add to a double bond in an adenosylation reaction, as it does
for Dha-pep, forming the Ado-Dha-pepe radical (Fig. 7). The simplicity of SAM as a
radical precursor, as compared to the more elaborate coenzyme By, with its large corrinoid
ring, and the higher precision with which radical SAM enzymes can guide 5" -dAdos to its
substrate target, may well be why evolution utilizes radical SAM enzymes so widely, while
only a handful of By, enzymes are found.
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Figure 1.
Adenosylcobalamin, or coenzyme B12 (left) and the SAM-[4Fe-4S] cluster complex at the

active site of Radical SAM enzymes (right).
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Figure 2. A mechanism for radical initiation in Radical SAM enzymes.
Inner-sphere electron transfer from the reduced [4Fe-4S] cluster to the sulfonium of SAM

leads to reductive cleavage of the S-C5” bond of SAM (left). The resulting 5" -dAdoe radical
abstracts an H-atom from substrate R-H (center) to yield a substrate radical (right).
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Figure 3. Products of reductive cleavage of SAM and of anSAM.

Reductive cleavage of SAM leads to the primary carbon radical 5 -dAdoe (top), while
reductive cleavage of the SAM analog anSAM leads to the allylically stabilized anAdos

radical (bottom).
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Figure 4. The organometallic intermediate Q.
The organometallic intermediate Q (upper left) was first discovered in PFL-AE, and the

presence of the iron-carbon bond was identified by 13C-ENDOR (lower left). The Q
intermediate has since been identified for a wide range of radical SAM enzymes.
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Figure 5. Blue light-induced reductive cleavage of SAM bound to the [4Fe-4S]" cluster of PFL-
AE.

Blue light induces the reductive cleavage of SAM bound to the [4Fe-4S]* cluster of
PFL-AE, forming 5"-dAdoe cryotrapped in the active site. The 5 -dAdoe has been fully
characterized through use of SAM isotopologs and EPR spectroscopy (right).
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Figure 6. Photoinduced electron transfer of SAM bound to [4Fe-4S]* clusters.
Photoinduced electron transfer of SAM bound to [4Fe-4S]* clusters in a range of radical

SAM enzymes results in cleavage of either the S-C5” bond to generate 5" -dAdoe, or the
S-CHj3 bond to generate *CHj3, with the radicals cryotrapped in the active site (left). The
regioselectivity of photoinduced S-C bond cleavage correlates with the SAM ribose ring
pucker (upper right) and is explained by the Jahn-Teller effect on the one-electron reduced

sulfonium radical (right).
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Figure 7. Radical intermediates observed during an adenosylation reaction catalyzed by PFL-AE
on a dehydroalanine-containing substrate peptide.

The organometallic intermediate Q is observed by rapid freeze-quench EPR at early times.
Longer quench times from 10 to 18 s allows observation of both the catalytically competent
5"-dAdoe intermediate, and the adenosylated peptide radical intermediate Ado-Dha-pepe.
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